The 32000 mol. wt. (32K) non-structural protein of alfalfa mosaic virus, P3, has previously been detected in a crude membrane fraction of infected tobacco leaves, where it accumulated transiently at the beginning of the infection period. We show here, by immunoblotting with an antiserum to a synthetic peptide corresponding to the C terminus of the protein, that the majority of P3 is in the cell wall fraction where it remains throughout infection, both at 25 °C and at 10 °C. The cell wall-associated, P3-related material is heterogeneous and contains polypeptide species of slightly lower electrophoretic mobility than the major in vitro translation product of RNA 3, which suggests that P3 may be post-translationally modified.
In a previous report (Berna et al., 1986) , we showed that a crude membrane fraction (30000 g pellet) of tobacco leaves infected with alfalfa mosaic virus (A1MV) contains all three nonstructural viral proteins (NSPs). Two of these, P1 (mol. wt. 126000, or 126K) and P2 (90K) are probably implicated in RNA synthesis (Nassuth & Bol, 1983; Sarachu et al., 1983) and, indeed, their amount correlates with viral replicase activity throughout infection (Berna et al., 1986) . Accumulation of the smallest NSP, P3 (32K) follows a different time course: P3 is found in the membrane fraction very early in infection then disappears, much faster than the other two NSPs. Thus, P3 does not seem to have much to do with viral replication itself, as is also suggested by the fact that viral RNA synthesis takes place in protoplasts in the absence of RNA 3 (Nassuth & Bol, 1983 ). An alternative role for P3 may be the promotion of the spread of viral infection throughout the plant (Atabekov & Dorokhov, 1984) , as suggested for the small NSPs of tobacco mosaic virus (Leonard & Zaitlin, 1982; Ohno et al., 1983; Zimmern & Hunter, 1983) and brome mosaic virus (Kiberstis et al., 1981) .
Viral infection is generally thought to spread through the plasmodesmata. However, in the parenchymal cells of uninfected plants, the plasmodesmata do not seem to allow the transit of the infectious agent and a virus-coded function is necessary to 'open the gates' to infection (Atabekov & Dorokhov, 1984) . One can imagine two ways by which this might happen. The viral protein may induce a modification of the plasmodesmata by affecting mRNA synthesis in the nucleus or the target of the viral protein might be the cell wall itself. Both hypotheses would predict that P3 would be only transiently present in the cytoplasmic membrane fraction sedimenting at 30000g, explaining its transient accumulation in this fraction, but that late in infection P3 would be either in the nuclei (found in the 1000 g pellet) or the cell walls (which are usually discarded during fractionation).
To investigate these possibilities, we examined the distribution of P3 among different subcellular fractions (including the residue containing the cell walls) as a function of time after inoculation of leaves. As in the previous study (Berna et al., 1986) , we followed A1MV infection at 25 °C, at which the infection is systemic, and at 10 °C, at which A1MV induces local lesions.
Propagation of AIMV (strain S) in Nicotiana tabacum, preparation of the 1000 g pellet (Pe-1), of the 30000 g pellet (Pe-30) and supematant fractions (S-30) from the leaf extract, fractionation of the S-30 by ammonium sulphate precipitation, preparation of the wheat germ translation products of AIMV RNA and of antisera to C-terminal peptides of P1, P2 and P3 (pepl, pep2, pep3) , SDS-PAGE analysis of proteins, immunoblotting with the anti-peptide sera and goat anti-rabbit IgG labelled with peroxidase, and quantification of the immunoreactions by reflection densitometry were all as described by Berna et al. (1985 Berna et al. ( , 1986 . Except where otherwise stated, the extractions were done at 20 °C for 15 min and filtration through 'Miracloth' was replaced by centrifugation (3000 r.p.m., 10 min) through an 80-mesh nylon cloth fused to a polyethylene syringe body. This new procedure (centrifugal filtration) improved the separation of the cytoplasmic material from the cell wall residue. The grinding buffer (GB) was 10 mM-KCI, 5 mM-MgC12, 0.4 M-sucrose, 10~ glycerol and 10 mM-2-mercaptoethanol in 100 mM-Tris-HC1 buffer pH 8.1 at 4 °C. The electrophoresis sample buffer (ESB) was 4.5~ SDS, 9 M-urea and 7.5 ~ 2-mercaptoethanol in 75 mM-Tris-HCl pH 6-8.
In a preliminary experiment, A1MV-inoculated plants were kept at 10 °C for 10 days and extracted as described previously (Berna et al., 1985 (Berna et al., , 1986 . Instead of restricting our search for P3 to the Pe-30, we systematically assayed all the fractions, including the Miracloth residue which had been discarded in the previous study. Fig. 1 (a) shows the immunoblots of various extracts prepared from this residue, using the anti-pep3 serum (lanes 1 to 4). (Similar results were obtained with leaves kept at 25 °C for 3 days.) P3 was identified by comparison with an immunoblot of partially purified translation products (lane T) and the specificity of the immunoblotting reactions was ascertained by competition with added oligopeptide (lanes 1' to 4' and T'). Extraction of the residue with GB yielded a significant amount of P3 that probably had been attached to entrapped membranes (lane 1), and also released some reactive host contaminants (marked with triangles) which were insensitive to serum preabsorption with the oligopeptide. A subsequent extraction with GB containing Triton X-100 did not release any additional P3 but solubilized some more of the contaminants, as well as chlorophyll (lane 2). The residue of Triton extraction, essentially consisting of cell walls, was extracted by ESB at room temperature. This treatment released an amount of P3 far exceeding that recovered in the previous extractions (lane 3). A second extraction with ESB, at 100 °C, yielded some residual P3 (lane 4). In addition to the major species, lanes 3 and 4 show a minor band (O in lane 3) which reacted specifically with the anti-pep3 serum and migrated between P3 and P'3 (the minor wheat germ translation product of RNA 3 marked with a diamond in lane T; Godefroy-Colburn et al., 1985; Berna et al., 1985) . Other, apparently larger species were also visible.
Attempts were made to solubilize P3 associated with the cell wall fraction by milder treatments. High salt (1 M-NaCI) proved totally ineffective and so was a mixture of 1 ~ NP40 and 2~ sodium deoxycholate in GB (not shown) but extraction with urea alone, after thorough extraction with Triton X-100 ( Fig. 1 b, lanes 1 to 3) , released some P3 which appeared on the immunoblot as two well defined bands (lanes 4 to 6). Three washes with 6 M-urea were necessary because of the dilution effect (the effective urea concentration in the cell wall slurry was calculated to be 3 M in lane 4, 4"5 M in lane 5 and 5.3 M in lane 6). The extraction was not complete, however, since additional material (appearing as a very diffuse band in lane 7) was solubilized by heating in ESB. The P3-related material released by urea alone and by ESB behaved differently during electrophoresis (compare lanes 6 and 7) but this does not mean that they were different molecular forms of P3. It is indeed possible that the 'trailing' observed in lane 7 was due to incomplete dissociation of P3 from other material present in the sample.
The experiment suggested that a large proportion of P3 was not intraceUular but rather was attached to the cell wall. This was not the case for the other NSPs, as shown by immunoblotting with the anti-pep 1 and anti-pep2 sera. The amounts of P 1 and P2 released by heating the starting material of Fig. 1 (a) at 100 °C in ESB were only 10 to 15~o of that in the Pe-30 (not shown).
Accumulation of P3 was followed in parallel, as a function of time, in the cell wall fraction and in the Pe-30 (Fig. 2 and 3) . Infected plants from a single batch were kept at 25 °C (Fig. 2a, c) or at GB and filtered through Miracloth. In (a) the Miracloth residue (2.5 g) was re-extracted with 2.5 ml GB, using the centrifugal filtration technique which yielded 3.5 ml of extract and 1.5 g of residue (lane 1), then with 2.5 ml GB containing 2% Triton X-100 (lane 2). The residue was made up again to 2.5 g with GB and successively extracted with 5 ml ESB at 20 °C (lane 3) and at 100 °C (lane 4). In (b) the residue from two extractions with GB, as in (a) lane 1, was successively extracted with 2.5 ml GB containing 1% Triton X-100 (lanes 1 to 3) or 6 u-urea (lanes 4 to 6), then with ESB at 100 °C as in (a) (lane 7). An amount of each extract equivalent to 100 mg of leaves was immunoblotted with the anti-pep3 serum diluted 3300-fold. Lane T contained 6 ng P3 synthesized in vitro and partially purified.
Lanes 1' to 4' and T' are as lanes 1 to 4 and T except that the antiserum had been preincubated with pep3 (final concentration 2 ~tg/ml) as in Berna et al.
(1986). The peroxidase reaction was for 15 h in (a) and for 2 h in (b). The position of the major translation product of RNA 3, P3, is indicated in the left margin, the diamond marks the minor wheat germ translation product (P'3), the dot marks a minor P3-specific product found in the leaf residue and the triangles point to cellular contaminants. For each time point, 4 g of leaves were extracted twice with 4 ml ice-cold GB. The combined filtrates were processed to obtain the Pe-1 and the Pe-30 and the residue (0.75 g) was extracted with 4 ml GB containing 1% Triton X-100, then at 100 °C with 1.5 ml ESB, to obtain
Lhe cell wall fraction. The amounts of b) and of the cell wall fraction (c, d) corresponding respectively to 120 mg and to 90 mg of leaves were immunoblotted with the anti-pep3 serum diluted 3300-fold. Lane T is as in Fig. 1 . Lanes 2', H' and T' are as lanes 2, H and T except that the serum had been preincubated with pep3 as in Fig. 1 (a) , lane T'. The brackets indicate the P3-related species which were quantified. (Fig. 2, lane T) . O, Cell wall fraction; A, Pe-30; A, Pe-1.
10 °C (Fig. 2b, d ) and subcellular fractions were prepared from the inoculated leaves of two plants at different times after inoculation (lanes 1 to 7). Equivalent leaves from healthy plants were used as controls (lanes H). The various fractions were immunoblotted with the anti-pep3 serum, the specificity of the reactions being ascertained by comparison with the translation products (lanes T) and by competition with added peptide (lanes 2', T', H').
In the Pe-30 (Fig. 2a, b) , accumulation of P3 followed the same time course as previously reported (Berna et al., 1986) even though the extraction method was slightly different. However, as shown by quantifying the immunoblots (Fig. 3) , the absolute amounts of P3 recovered were two-to threefold higher with the new extraction procedure than with the old one (which yielded a maximum of 6 to 10 ng P3 per g of leaves ; Berna et al., 1986) . The amount found in the cell walls was even higher and, in contrast to the Pe-30, P3 accumulated fairly stably in this fraction (Fig. 2c, d, Fig. 3) . At 25 °C, its amount was maximum 88 h after inoculation and thereafter did not decrease appreciably. At 10 °C, P3 accumulated for the whole test period. Extensive crosscontamination of the Pe-30 and cell wall fractions was ruled out by the fact that the ratio of the quantities of P3 in these two fractions varied consistently as a function of time after inoculation. The scatter of the data obtained at 10 °C probably results from the lack of uniformity of the growth conditions (especially illumination and humidity) rather than from the measurements themselves, those done on a given sample being reproducible to within 15 %. As in the previous experiment, P3 of the cell wall fraction migrated as a series of diffuse bands with lower mobility than the major RNA 3 translation product and, at 25 °C, the lower mobility species progressively became predominant (Fig. 2c, d ). P3 associated with the Pe-30 was also heterogeneous, especially at 25 °C (Fig. 2a) .
The amount of P3 was similarly followed in the low-speed pellet (Pe-1) prepared from the same batch of plants, to ascertain that this protein did not accumulate in the large organelles. The amount in the Pe-1 was about 10 to 20% of that in the Pe-30 throughout infection, both at 25 °C and at 10 °C (Fig. 3) and, as for P1 and P2 in similar fractions (Berna et al., 1986) , this amount could be accounted for by cross-contamination of the two fractions. The release of P3 as a full-length soluble protein was also ruled out since none could be detected in any part of the S-30 (not shown).
This study shows that the majority of the low mol. wt. non-structural protein of A1MV (P3) accumulates in the cell wall fraction of Nicotiana tabacum following viral infection and replication. To our knowledge, this is the first time that a viral NSP has been detected in the cell walls of a plant. The heterogeneity of electrophoretic mobility of the protein contained in the cell wall fraction suggests that it is post-translationally modified, perhaps by glycosylation, as are several other wall-associated proteins (Faye & Ghorbel, 1983; van der Wilden & Chrispeels, 1983; Krishnan et al., 1985) .
The cytoplasmic fraction contained a minor P3-related species with lower mobility than the major translation product of RNA 3. This species may also have been glycosylated since the normal glycosylation process is carried out in the rough endoplasmic reticulum, then in the Golgi apparatus and eventually in the plasma membrane, all of which are present in the Pe-30. Analysis of the sequence of P3, derived from the nucleotide sequence of AIMV RNA 3, shows two possible primary glycosylation sites, one near the N terminus, starting at the 7th amino acid (Asn-Ala-Ser) and one near the C terminus (but outside the pep3 sequence), starting at the 260th amino acid (Asn-Thr-Thr). We are currently trying to determine whether or not P3 is indeed glycosylated.
It may be significant that more than half of the cytoplasmic fraction of P3 remained in the filtration residue after one extraction with GB whereas the same residue only contained 10 to 15~o of P1 and P2. This may indicate that, in the cytoplasm, P3 is not bound to the same membranes as the other two proteins or that the mechanism of binding is different. The first hypothesis is the more likely since we could separate P3 from P1 and P2 by equilibrium centrifugation in sucrose gradients (A. Berna, unpublished experiments) .
The localization of the majority of P3 in the cell wall fraction agrees completely with its putative role as protein that facilitates cell-to-cell spread of the virus. The exact mechanism by which P3 could perform this function is unknown, but valuable information could be gained by a more precise localization of P3 such as by the use of immunocytochemical methods. However, the presence of P3 in the cell wall fraction does not seem sufficient for long-range transport of A1MV infection via the conducting tissues (Atabekov & Dorokhov, 1984) . Indeed, at 10 °C P3 is found in large quantities in the cell wall fraction and symptoms develop on the inoculated leaves indicating the occurrence of cell-to-cell spread, but infection is restricted to those leaves, possibly as a result of the necrotic host response.
